Cellulase yields of 250 to 430 IU/g of cellulose were recorded in a new approach to solid-state fermentation of wheat straw with Trichoderma reesei QMY-1. This is an increase of ca. 72% compared with the yields (160 to 250 IU/g of cellulose) in liquid-state fermentation reported in the literature. High cellulase activity (16 to 17 IU/ml) per unit volume of enzyme broth and high yields of cellulases were attributed to the growth of T. reesei on a hemicellulose fraction during its first phase and then on a cellulose fraction of wheat straw during its later phase for cellulase production, as well as to the close contact of hyphae with the substrate in solid-state fermentation. The cellulase system obtained by the solid-state fermentation of wheat straw contained cellulases (17.2 IU/ml), I-glucosidase (21.2 IU/ml), and xylanases (540 IU/ml). This cellulase system was capable of hydrolyzing 78 to 90% of delignified wheat straw (10% concentration) in 96 h, without the addition of complementary enzymes, l-glucosidase, and xylanases.
Solid-state fermentation (SSF) is a process whereby an insoluble substrate is fermented with sufficient moisture but without free water. (The abbreviation SSF is also used for "simultaneous saccharification and fermentation." But SSF is retained here for "solid-state fermentation" because it is also commonly used [4, 8, 29] , and it is an antonym to another state of fermentation, i.e., "liquid-state fermentation" [LSF] .) In liquid-state fermentation (LSF), on the other hand, the substrate is solubilized or suspended as fine particles in a large volume of water. In most LSF, substrate concentrations ranging from 0.5 to 6% are used depending upon the density of the substrate. SSF requires no complex controls and has many advantages over LSF (8) ; however, it has its own inherent problems (4) .
A critical analysis of literature on enzymatic hydrolysis reveals that high cellulase activity per unit volume of fermentation broth is the most important factor in obtaining sugar concentrations of 20 to 30% from hydrolysis of cellulose for ethanol production from cellulosic materials (3) . It has also been confirmed that cellulase activity per unit volume can be increased by increasing the cellulose concentration in the medium (16), but it is not possible to handle more than 6% cellulose in a conventional fermentor because of rheological problems. A maximum concentration of substrate which can be handled in the conventional fermentor is ca. 2% for wood pulp and 6% for crystalline cellulose. Therefore, to increase the cellulose concentration to over 6%, SSF seems to be the most attractive alternative (3, 4) .
Trichoderma reesei is well known as a cellulase-producing organism (1-3, 7, 16, 21, 24, 25) . The literature on enzyme production indicates that various mutants of T. reesei are able to produce 160 to 250 IU/g of pure cellulose under LSF ( Table 1 ). The highest cellulase yield, 290 IU/g of cellulose by mutant Rut-C30 as recorded by Tangnu et al. (25) , has not been reported again. Therefore, we concluded that the cellulase potential of various mutants of T. reesei ranges between 160 and 250 IU/g of pure cellulose in LSF. Development of an economical process for cellulase production is hindered because of the high costs of substrate (pure cellulose) and of some of the chemicals, such as proteose peptone, and because of low yields of cellulases per unit of cellulose. To overcome these bottlenecks, we first used a cheap source of cellulose which requires minimum pretreatment and purification, and we then increased the cellulase yields per unit of cellulose. At present the cheapest cellulose sources are lignocelluloses (crop residues, wood, and wood residues). Peitersen (18) obtained a filter paper activity equivalent to 0.28 IU/ml by growing T. reesei QM9123 on alkali-treated barley straw. Tangnu et al. (25) also reported very low activity of cellulases, i.e., 0.12 and 0.28 IU/ml on 1 and 2% acid-treated corn stover, respectively. Cellulase activity increased to 2.0 IU/ml when washed; acid and base-treated corn stover was used at a 2% concentration. Recently, high cellulase activity, 3.7 IU/ml (168 IU/g of cellulose), was reported by Chahal et al. (5) by growing T. reesei (Rut-C30) on 2.2% cellulose from washed, steamtreated wood. Cellulase yields of 168 IU/g of crude cellulose were as good as those obtained on pure cellulose by others (Table 1) .
Encouraged by these results, we envisaged a new approach to producing cellulases on cheap cellulose sources and to increasing cellulase yields per unit of cellulose. The new approach for the production of a cellulase system with high hydrolytic potential was to grow T. reesei on lignocellulose in SSF, similar to the Koji process of Toyama (27) except that wheat bran, wheat germ, or rice bran, the expensive additives, were not used. Moreover, in the new approach, the lignocelluloses were not delignified since almost all hemicelluloses are removed during delignification. Rather than delignification and removal of hemicelluloses, the lignocelluloses were treated with a small quantity of NaOH to solubilize some of the hemicelluloses and lignin to expose cellulose. The treated lignocelluloses were not washed, and all of the solubilized hemicelluloses and lignin were retained in the medium. Moisture. The moisture content of the substrates after pretreatment and the addition of nutrients and inoculum was 80% (wt/wt) in SSF. Sterilized water was added for LSF, to obtain the desired concentration of the substrate in the fermentation medium.
Inocula. Inocula of mutants QMY-1 and Rut-C30 were produced on the modified medium as described above but containing 1.5% glucose, with the nutrient salt solution diluted accordingly. For inoculation of each flask containing 5 g of substrate, 5 ml of 2-day-old culture was used. The inoculum was spread on the surface of the substrate. (Table 2) . When the concentration of WS was increased to 5% (2% cellulose), the enzyme production time was increased from 7 to 11 days. The enzyme activity increased to 6.0 IU/ml, but the cellulase yield dropped to 300 IU/g of cellulose (Table 2 ). The drop in cellulase yields might have been due to poor mass transfer in the thick slurry of 5% WS. The decrease in cellulase yield by mutant QM9414 with increases in the concentration of cellulose is also evident from the work of Sternberg (24) , Gallo et al. (7), Ryu and Mandels (21) , and Tangnu et al. (25) , as presented in Table 1 . Cellulase production in SSF. (i) On WS. SSF was carried out with a full concentration of nutrients in one set of experiments and with a one-half concentration in another set to evaluate the effect of different concentrations of salts in the medium, since some microorganisms are unable to grow in the high osmotic pressure of the medium. T. reesei QMY-1 was quite tolerant to the high concentrations of the nutrients, as indicated in Table 2 . It produced the highest enzyme titer (8.6 IU/ml) and cellulase yield (430 IU/g of cellulose) in SSF on a full concentration of nutrients, after 22 days. The highest cellulase yield, 412 IU/g of cellulose, obtained in LSF, was because that medium contained the lowest cellulose concentration (0.4%), as discussed earlier.
However, in the present study, a cellulase yield of 275 to 300 IU/g of cellulose in LSF on 2% cellulose concentrations was considered for comparisons between LSF and SSF. When the nutrients were supplied in a one-half concentration, the cellulase titer dropped to 6.7 IU/ml, cellulase yield dropped to 335 IU/g of cellulose, and there was no increase in enzyme yields after an incubation of more than 14 days.
But when the cultures were stirred after 11 days of growth and further incubated for 11 days without any stirring (total of 22 days of incubation), the cellulase titer decreased somewhat for the full concentration of nutrients, whereas it increased considerably (8.0 IU/ml) for a one-half concentration of nutrients. This indicates that half of the quantity of required nutrients was sufficient to get an optimum cellulase titer as well as an optimum cellulase yield. This finding could contribute to a reduction in the cost of enzyme production. Recently, more expensive media have been developed to increase cellulase production by new mutants of T. reesei in LSF on pure cellulose (17, 28) . Even then, the highest yields obtained are quite low, i.e., 140 IU/g of cellulose for mutant D1-6 (17) and 229 IU/g of cellulose for mutant CL-847 (28) ( Table 1) .
(ii) On WS and CTMP. Cellulase production by strain QMY-1 was compared with that of strain Rut-C30, a hypercellulase-producing mutant, on two different lignocellulosic substrates, WS and CTMP. QMY-1 produced its highest cellulase titer (over 8 IU/ml) and yield (over 400 IU/g of cellulose) on treated WS as compared with that of Rut-C30, a 6.2 IU/ml cellulase titer and a yield of 310 IU/g of cellulose.
Cellulase production by both of the mutants decreased considerably on untreated WS (Table 3 ). The mutant Rut- The cellulase titer and yield on CTMP with strains QMY-1 and Rut-C30 (Table 3 ) and on treated WS (Table 2 ) with strain QMY-1 in SSF were higher than those of mutants QM-9414, Rut-C30, and E.58 on steam-exploded wood, on steam-exploded and alkali-treated wood with water extracted, and even on pure cellulose (Solka Floc; Brown Co., Berlin, N.H.) in LSF, as reported by others (Table 4) . The titer and yield of cellulase obtained with QMY-1 in SSF were also higher than those obtained by other workers who grew various mutants of T. reesei on pure cellulose in LSF ( Table  1) . The results clearly indicate that the new approach of retaining the hemicelluloses and lignin of the alkali-pretreated lignocelluloses (WS, CTMP) in SSF increased significantly the cellulase titer per unit volume and the cellulase yield per unit of cellulose.
Role of hemicelluloses and lignin in cellulase production. The increase in cellulase titer was postulated to be due to the use of hemicelluloses during the initial growth of T. reesei and then to the use of cellulose during the later phase of growth for production of cellulases. To test this postulate, we grew T. reesei QMY-1 in LSF on pure cellulose (acellulose; Sigma Chemical Co., St. Louis, Mo.) in one set of experiments, and cellulose was fortified with a mixture of solubles obtained from WS. Delayed and slow synthesis of cellulases during the early phase for WS soluble-fortified cellulose was attributed to the presence of hemicelluloses, an easily metabolizable carbon source (Fig. 1) . After hemicelluloses were used, cellulase synthesis increased considerably during the later phase of fermentation. This indicated that WS solubles which contained mostly hemicelluloses and lignin were responsible for the high cellulase titer (3.4 IU/ml) and yield (340 IU/g of cellulose). However, further work on the role of hemicelluloses and lignin, individually and in combination, is in progress.
Composition of the cellulase system. The cellulase system produced in SSF contained the following enzymatic activities (international units per milliliter): cellulase, 8.6; 3-glucosidase, 10.6; and xylanase, 270. The xylanase titer was quite variable (between 190 and 480 IU/ml); however, the ratio of cellulases and 3-glucosidase varied between 1:1 and 1:1.5 in various cellulase system preparations. These are enzyme activities when 5 g of WS fermented in SSF was suspended in ca. 100 ml of water to extract the enzymes. The enzyme titer could be doubled (17.2 IU/ml) by extracting the enzyme in 50 ml of water. The composition of the cellulase system indicated that there was no need to add extra 3-glucosidase or xylanase for the hydrolysis of pure cellulose or lignocelluloses.
Hydrolytic potential of the cellulase system. (i) Cotton. The cellulases produced in SSF, when used in a substrate-to-enzyme ratio of 1 g:20 IU, showed saccharification of different concentrations of untreated cotton as high as that reported by Mandels et al. (13) (Table 5 ). There was also an indication that this enzyme system was able to hydrolyze a higher concentration (10%) of cotton without any reduction in the percentage of hydrolysis. The high-pressure liquid chromatography of the hydrolysate obtained from 10% concentrations of cotton showed mostly glucose (92.8%) and very little cellobiose (3.5%). It is therefore assumed that cellulases produced in SSF may be able to hydrolyze a higher concentration of cellulose to obtain high concentrations of glucose in the hydrolysate suitable for economical ethanol fermentation or for fermentation of any other product.
(ii) Cellulose fiber. Hydrolysis of cellulose fiber with cellulases produced in SSF was faster than that of cotton. There was also an indication that cellulases produced in SSF gave a faster rate and higher percentage of hydrolysis than cellulases produced in LSF (Table 6) .
(iii) Delignified WS. WS delignified by the method of Toyama (26) produced in SSF at a 10% (wt/vol) concentration. Hydrolysis was done at pH 6.7, the original pH of the enzyme solution, and also at standard pH 4.8 ( Fig. 2 and 3 ). The rate of hydrolysis of cellulose into glucose was very high for the first 20 h of hydrolysis at both pH levels, and ca. 65% of total hydrolysis was recorded during this period.
Almost all of the xylan and arabinan were hydrolyzed within the first 20 h of hydrolysis.
Very little cellobiose accumulated in the hydrolysate. The maximum concentration of cellobiose accumulated was 7.75 g/liter (Fig. 2) , which was too low to cause any significant inhibition of cellulose hydrolysis (12, 14) . After 20 Conclusions. The increase in cellulase yields, from a range of 160 to 250 IU/g of pure cellulose to a range of 250 to 430 IU/g of crude cellulose from WS and CTMP, was due to the use of a hemicellulose fraction during the initial growth of the organism and to the production of cellulases on a cellulose fraction of substrates during the later phase of growth of the organism. The presence of lignin could be another factor in the increase of cellulase yields. The role of lignin and hemicelluloses in enzyme production is being further evaluated.
High cellulase activity of 8.6 IU/ml could be doubled (17.2 IU/ml) by extracting cellulases with half the quantity of water. Because high cellulase titer (over 15 IU/ml) is required to obtain high concentrations of glucose for economical ethanol fermentation (4) , SSF seems to hold promise for obtaining a high cellulase titer per unit volume of enzyme broth. The cellulase system produced in SSF contained sufficient quantities of ,B-glucosidase and xylanase for com-100. It was also assumed that the cellulase system produced in SSF was rich in C1 factor as proposed much earlier by Reese et al. (20) . It was reported by them (20) that the C1 factor was essential to hydrolyze the crystalline portion of cellulose, and this concept is still maintained by Reese (19) . By the new approach, ca. 100 g of sugars per liter were obtained by hydrolyzing 100 g of delignified WS with the cellulase system produced with SSF. Moreover, SSF enables drastic reductions in the cost of enzyme because cellulase yields per unit of cellulose were increased by 72%, crude cellulose (WS) with a minimum of pretreatment and purification could be used as a carbon substrate, the quantity of nutrients could be reduced to one-half, and SSF does not require very complex control systems. However, SSF has its own inherent problems, including maintenance of pH, moisture level, aeration, agitation, etc., when large quantities of solid substrates are used (4).
